Responses of work functions to uniaxial strain on infinite-length single-walled armchair (AC) [(2, 2) and (7, 7)] and zigzag (ZZ) [(3, 0) and (12, 0)] carbon nanotubes (CNTs) are investigated based on density functional theory. It is found that as strain increases, the work function of ZZ (3, 0) tubes decreases monotonically from 6.2 to 5.7 eV, whereas that of AC (2, 2) tubes varies between 4.6 and 5.3 eV in a somewhat complicated manner. For ZZ (12, 0) and AC (7, 7) tubes with large diameters, the work function of ZZ (12, 0) changes almost linearly from 4.2 to 4.8 eV, while for AC (7, 7) work function values grow monotonically from 4.1 to 4.7 eV. The energy band changes provide a qualitative understanding of how work function is affected by the uniaxial strain. Our findings are helpful not only for understanding the electronic properties of strained CNTs but also open the possibility of potential applications in CNT-based electronics devices. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Carbon nanotubes (CNTs) can be viewed as graphene sheets rolled up into cylindrical structures. Since their discovery in 1991, 1 the peculiar electronic properties of such hollow nanostructures have gained growing attention from scientists and researchers. CNTs show great potential for a variety of technological applications due to their novel physical properties. Depending on radius and chirality, a singlewalled carbon nanotube (SWCNT) can behave as either metallic or semiconducting. 2 The (n, m) SWCNT is classified as a metal when (2n þ m)/3 is an integer; otherwise, it is a semiconductor. These results, predicted on the basis of the zone-folding (ZF) approach, 3 were found to be influenced by curvature effects, the misorientation of 2pz orbitals and the hybridization of p and r states. As such, small modifications have arisen in the simple three-multiple rule, re-classifying the CNT for 2n þ m ¼ 3I into two categories. The (n, n) armchair (AC) CNTs remain gapless, whereas for CNTs where n 6 ¼ m, an energy gap opening whose magnitude is proportional to 1/r 2 (r being the nanotube radius) is displayed.
Understanding the electronic properties of CNTs is an important issue in integrating nanotubes into devices. The use of CNTs as field emitters in flat panel displays 4 is one of the most promising applications of CNTs. The CNT work function is a very important parameter in judging its fieldemission properties, and many researchers have attempted to measure these work functions. [5] [6] [7] [8] For instance, Shiraishi and Ata 7 measured the work function of SWCNTs to be 5.05 eV using the photoelectron emission method. Su et al. 9 showed that the work function of armchair SWCNTs is not only close to that of a graphene ($4.48 eV), but also independent of tube diameter. For a zigzag (ZZ) SWCNT with a diameter greater than 10 Å , its work function value is also close to that of graphene. However, for a zigzag SWCNT with diameter less than 10 Å , work function increases dramatically as the diameter decreases.
Tuning the electronic properties of SWCNTs has been a subject of interest to both experimental and theoretical researchers with the motivation of finding possible applications. In addition to doping with various types of foreign atoms [10] [11] [12] [13] and adsorption of foreign atoms or molecules, 14, 15 another effective way to widen their application possibilities is by applying external strain. Mechanical strain often gives rise to surprising effects on the electronic properties of carbon nanomaterials, often drastically changing the intrinsic properties of CNTs. Numerous experimental studies have been carried out on this phenomenon. For instance, using an atomic force microscope, CNTs can be radially deformed, resulting in significant changes in their transport characteristics due to metal-semiconductor and/or semiconductor-metal transitions. [16] [17] [18] However, it is very difficult to measure the mechanical properties of CNTs directly due to their nanoscale size. Accordingly, many theoretical techniques have been applied to investigate the mechanical properties of CNTs. Using a sp 3 tight-binding model, Ding et al. 19 have shown that semiconductor-metalsemiconductor phase transitions are observed for primary metallic non-armchair nanotubes, while the application of uniaxial strain does not cause a band gap for an armchair tube. Using first-principle calculations, direct atomic and electronic configurations of deformed CNTs were performed by Iwami et al., 20 who reported that the effect of deformation along the tube axis on an armchair tube causes changes in energy bands and electron charge density distribution. In addition, the presence of a natural torsion in small diameter chiral SWCNTs has been studied by Vercosa et al., 21 and they reported the presence of such natural torsion has several important implications on the physics of nanotubes, such as a further opening of the a)
Author to whom correspondence should be addressed. minigaps in metallic SWCNTs, changing the optical transition energies, and having implications on the breaking of the pure translational symmetry of the chiral nanotubes. Because our study is concerned with non-chiral rather than chiral nanotubes, however, this torsion effect has no bearing on the SWCNTs here.
CNTs with small diameters display many attractive properties, including anisotropic optical adsorption spectra 22 and superconductivity originating from a Peierls distortion. 23, 24 Recently, ultra small (2, 2) and (3, 0) CNTs were verified to exist with stable mechanical structures as a SWCNT or being formed inside a multiwalled carbon nanotubes (MWCNTs) at room temperature. [25] [26] [27] [28] Relative to CNTs of a large tube diameter, these ultra small nanotubes exhibit the unusual characteristic of excellent field emission properties due to their large curvature effect. Moreover, since the mechanical deformations are notable during the process of building CNT-based devices, it is of interest and important to understand the electronic properties of strained CNTs in order to have a complete understanding of how individual CNTs behave under uniaxial strain. Thus, in this study, we are concerned with individual SWCNTs of relatively small tube diameter and report on their work function modulation by application of uniaxial strain. The corresponding geometric structures and electronic properties are further analyzed and compared with those of SWCNTs with large diameters.
II. ELECTRONIC STRUCTURES
The first-principle calculations are performed in the framework of the density functional theory (DFT) 29 implemented by the VASP code. 30, 31 Projector augmented wave (PAW) pseudopotentials 32 and local density approximation (LDA) exchange-correlation potential are utilized. A planewave cut-off of 500 eV is used in the calculations. All atoms are fully relaxed until the residual force on each atom is less than 0.02 eV/Å . To simulate the strain effect on the systems, we computed a series of expanded and reduced lattice constants (i.e., increase and decrease in the length of the tube) along the axial direction of the tube that mimics the application of uniaxial stress parallel to the tube-axis direction. 33 Here, the uniaxial stress was imposed uniformly, and the corresponding strain (e) was defined as e ¼ D'/', where ' is the initial length of the unstrained structures and D' is the change in length due to the strain (stretching or compression). Figure 1 illustrates models of the studied system with manipulated strains, either tensile or compressive. The work functions are determined from the difference between the Fermi level and the vacuum level. The vacuum level was defined as the average potential outside the material where the potential approaches a constant value. In the case of semiconducting nanotubes, the Fermi level was chosen at the middle of the bandgap.
A. Zone-folding methods
The zone-folding scheme is a computationally costeffective method for the investigation of nanotube electronic structures. In this zone-folding method, the electronic structures of a planar graphite sheet are first obtained by the firstprinciples method. Next, the obtained first-principles band structures of the graphite sheet are combined with the zonefolding scheme to generate the electronic structures of the carbon nanotubes. A set of band structures for armchair and zigzag nanotubes can be obtained by rolling up the graphite sheet, the obtained electronic structures of the carbon nanotubes are shown in Fig. 2 (dashed line) . Zone-folding calculations on the armchair and zigzag nanotubes of up to (12, 12) and (15, 0) nanotubes, respectively, have been performed in this work, but only the electronic structures of the smaller diameter (2, 2), (3, 0), (7, 7) , (12, 0) nanotubes are plotted. Obviously, the effects of nanotube curvatures are entirely ignored in this approach.
B. First-principles methods
To fully illustrate the electronic structures of the carbon nanotubes, first-principles calculations are performed. The 2013) electronic structures of the carbon nanotubes obtained by the first-principles method are shown in Fig. 2 (solid line) . Clearly, as demonstrated in Fig. 2 , the band structures of ultra-small (2, 2) and (3, 0) tubes obtained by first-principles and zone-folding methods are very different, showing that for nanotubes with ultra-small diameters, the zone-folding approach clearly fails because of the large curvature effects neglected in this scheme. As a result, in this work, we employed the first-principles method to illustrate the full features of the electronic structures of carbon nanotubes. Figure 3 depicts the computed total energy per atom as a function of the strain (e) for SWCNTs of different tube diameters, whether in the AC or ZZ form. From this figure, one can see that with respective to other tubes, only the AC (2, 2) tube possesses two ground states, denoted as G 0 and G 1 , with the former having a lower total energy than the latter. It should be stressed that G 0 is a semiconductor (S), and G 1 behaves like a metal (M). This is in reasonable agreement with a recent report by Tang et al.
III. RESULTS AND DISCUSSION
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The following presents the corresponding geometric structures for both (2, 2) and (3, 0) small tubes. modification due to the large curvature effects. Clearly, such an effect results in a small energy gap of $0.13 eV for the (2, 2) tube, so a higher work function than the (7, 7) tube would be expected due to the extra energy needed to overcome this energy barrier and emit electrons to the vacuum level. However, for (3, 0) tubes, such a curvature effect induces a downshift of the Fermi level relative to the vacuum level and thus enhances the work function. Therefore, the work function value of the (3, 0) tube is larger than that of the (12, 0) one. We found that strain has great influences on work functions of both SWCNTs of different diameters. The work function of ZZ (3, 0) tubes decreases monotonically from 6.2 to 5.7 eV, whereas that of AC (2, 2) tubes varies between 4.6 and 5.3 eV, though in a more complicated manner. With the growth of tube diameter, the work function of ZZ (12, 0) changes almost linearly from 4.2 to 4.8 eV, while for AC (7, 7) its work function value grows monotonically from 4.1 to 4.7 eV. These findings demonstrate that tuning strain may be an effective way to control work functions of CNTs, which is important for future design of CNT-based nanodevices.
Compared to nanotubes of large diameter, the response of work function to strain for small tubes is quite interesting. To qualitatively understand this phenomenon, some band structures with applied strains are calculated, as shown in Fig. 7 . It is obvious that the strain causes changes in the energy band structures. In the case of the (2, 2) tube, one can see from Fig. 7 (a) that with compressive strain, one of the bands (red lines) from the valence region is systematically shifted up and two of the conduction bands (blue lines) shift down towards the Fermi level, and as a result, one conduction band and the valence band cross at a value of e ¼ À2.7%. However, with tensile strain, one of the bands from the valence region systematically shifts down and two of the conduction bands shift up away from the Fermi level and as a result, the band gap becomes larger with the growth of strain. The crossing band structure in compressive strain causes the changes in the bond length and work function of AC (2, 2) at e ¼ À2.7%, from non-linear to linear relationship in the work function and for bond lengths d 2 becoming greater than d 1 . Fig. 8 shows a progressively stronger strain on the (2, 2) tube, indicating that the cross does not occur until e ¼ À2.7%.
In the case of the (3, 0) tubes, Fig. 7 (c) demonstrates that with increasing compressive strain, the two sets of bands (in blue and red) become farther apart, with the red bands lowering in energy as the blue bands increase in energy. During tensile strain, however, they similarly spread apart, but the blue bands become lower in energy while the red bands increase. As for the cases of tubes with large diameter, the influence on the energy band from the strain displays quite different behaviors for AC (7, 7) and ZZ (12, 0) tubes. 20, 34 For the AC (7, 7) tube, the compressive strain induces one of the blue bands to shift below Fermi level and one of the red bands to shift above Fermi level, resulting in an increase in energy window between these two bands at the gamma (C) point. In contrast, tensile strain induces a lower value in such an energy window by shifts in the opposite direction as compressive strain. In other words, strain induces the shift of the intersection of one valence and one conduction bands at the Fermi level along the CZ direction. While for ZZ (12, 0) tube, such a strain effect causes an oscillation in bandgap, different to that which occurs in the case of AC (7, 7) tube. Obviously, an applied strain causes the changes in energy band, which alters the corresponding Fermi energy, and in turn indeed causes the variations in the work function values. These findings suggest that the strain effect plays a key role in significantly tuning nanotube work function, and may give rise to potentially useful variations in nano-circuits and components of CNT-based electronics device applications.
IV. CONCLUSIONS
The calculations of total energy versus strain reveal that only the AC (2, 2) tube exhibits two metastable ground states, one of which is semiconducting at e ¼ 0 while the other is metallic at e ¼ À4.05%. This fact implies a semiconductormetal transition found in the case of AC (2, 2) compared to other tubes due to the presence of external strains. Moreover, the effects of the strain show an influence on the work functions of small tubes, with AC (2, 2) tube displaying behavior quite different from ZZ (3, 0) tube. Such resulting deviations in work function can be qualitatively explained by the changes in energy band due to the presence of given applied strains. Our findings are helpful not only for understanding the electronic properties of strained CNTs but also for optimal design of the CNTs for nano-circuits and components of CNT-based electronics devices; for instance, designing circuits composed of two concentric nanotubes of different radii, such as (2, 2) @ (7, 7) and (3, 0) @ (12, 0), can be expected to show dramatic changes in the electronic properties of the inner and outer tubes which in turn influence the conductivity of the system due to the presence of strains. It is noted that G 0 state is a semiconductor, whereas G 1 state behaves like a metal.
